The microporous carbon materials were prepared by chemical activation of Polish coal with potassium hydroxide using the simplex design method for planning the experiments. The experimental parameters were varied to identify the optimum conditions. Coal can be an excellent starting material for the preparation of high porous carbons for natural gas storage. The porosity of the resultant carbons was characterized by nitrogen adsorption (-196 o C). Methane adsorption was investigated in a volumetric laboratory installation at range pressures from 1 to 3.5 MPa (25 o C). The best results of methane storage capacity (557 cm 3 . g -1 ) were obtained when using an impregnation ratio 3.41/1 KOH/precursor and temperature at 592 o C, (S LANG = 2091 m 2 . g -1 ). The parameters of the preparation of high porosity and high methane adsorption carbon were determined by a fast and simple method.
INTRODUCTION
Natural gas (NG) is a alternative fuel, due to its low price and various environmental advantages. Natural gas is an attractive fuel for vehicles because it is a relatively clean burning fuel compared to gasoline. NG vehicles have the potential to lower polluting emissions, especially in urban areas, where air quality has become a major public health concern. The reductions of harmful tailpipe emissions include: air toxins, such as benzene by up to 100%, smog-forming volatile organic compound by 92% or more, carbon monoxide by 25%, sulfur dioxide by 83%, nitrogen oxide by 10%
1 . The following different categories are known for natural gas storage: liquefi ed natural gas (LNG), compressed natural gas (CNG), adsorbed natural gas (ANG) and NGH (natural gas hydrates)
2 . In the case of LNG, the cost of liquefaction, required the special insulated vessels and the potential fi re hazard make it unsuitable for the LNG use on a large scale. CNG is commercialized worldwide, but there are diffi culties related to its high operating pressure. ANG and NGH are major alternative storage methods. Methane can be stored in wet carbon and this method is also called NGH. Nowadays ANG and NGH is not suitable for on-board storage but this method has been studied and developed. Recently Liu et al.
2 achieved on the wet carbons volumetric storage capacity equal to 204 V/V. The authors reached the same fuel storage capacity but the storage pressure was twice lower then CNG.
ANG concerns natural gas storage in porous material (adsorbent) as an adsorbed phase. Activated carbon with its high porosity and high surface area can be utilized as an ANG adsorbent. This option can be an interesting alternative that overcomes the above mentioned problem of CNG. Natural gas adsorption on the adsorbent has the advantage of operating at low pressure and room temperature, allowing the natural gas consumption to be comparable to the conventional petroleum based fuels. However, one of the major problems in the ANG process is the development and evaluation of adsorbents
3
. Due to the effi ciency of the carbons porosity in a methane adsorption process, much effort has been put into the preparation of activated carbon with a large surface area. Such adsorbents guarantee obtaining a high methane storage capacity.
The literature have reported that the activated carbons with high specifi c surface area and high storage capacity were obtained by using different raw materials. As the precursors, e.g. agricultural waste materials, such as coconut and walnut shells In general, the process for the preparation of activated carbons can be divided into two categories: the physical and chemical methods. The physical methods consist in the carbonization of the precursor, followed by the gasifi cation of the resulting char in steam or carbon dioxide 21 . The formation of the porous structure is achieved by an elimination of a large amount of internal carbon mass. The chemical method, is performed by carbonizing the raw material that has been impregnated with a chemical reagent e.g. ZnCl 2 6,7 , H 3 PO 4
14
, NaOH 22-23 and KOH 3,12, 24 . The chemical process using KOH, NaOH, and ZnCl 2 as activation agents, could successfully synthesize the activated carbons with high surface area and developed pore structures 6,16,25 . Therefore, a lot of effort is carried out due to the increase of the surface area and porous structures of activated carbons. Different variables such as: the effect of agent / coal ratio, the time of impregnation and temperature of pyrolysis, were evaluated. To the our knowledge the simplex method was not utilized for high porous carbon preparation.
MATERIAL AND METHODS

Sample preparation
The precursor for the preparation of microporous carbon materials was coal. The precursor was fi rst crushed and sieved to a particle size below 5 mm, and then milled in a ball mill for 120 minutes. Table 1 shows the initial values of the parameters of the chemical activation such as: the effect of the agent/coal ratio, the time of impregnation and the temperature of pyrolysis, which were changed during the preparation of carbons.
250 o C at a fi nal pressure of 10 -4 Torr. Specifi c surface areas (S LANG ) of the carbon were determined from the Langmuir isotherms equation. The Langmuir isotherm equation was used because the adsorption isotherms showed the course of a type I according to IUPAC classifi cation, and the BET equation for 0.05-0.3 p/p 0 was not met. The total pore volumes (V p ), micropores (V micro ) and mesopores (V meso ) were determined using the density functional theory (DFT) method. The total pore volume was estimated from the volume of N 2 (as liquid) held at a relative pressure (p/p 0 ) between 0.006 and 0.99.
Raman spectra were obtained with a Renishaw in via Raman Microscope using 785 nm Ar line as an excitation source. Raman spectra from 800 to 2000 cm -1 at about 0.5 cm -1 interval were measured for 15 s in the backscattering geometry with a fi ltered single monochromator. The mostly used part of carbon Raman spectrum is the region from 1000 to 1800 cm -1 . In this region the G (1540-1600 cm -1 ) and the D (1340-1400 cm -1 ) peaks can be found. The G peak related to the vibrations of sp 2 aromatic rings; the D or 'disorder' peak is due to the disorder activated optical zone edge modes of microcrystalline graphic sheets 26-27 . The G and D peaks position and the I D /I G intensity ratio are widely used for identifi cation of the type of carbons and for characterization of the carbons structure. The obtained Raman spectra of the activated carbon materials were deconvoluted by using the Gaussa -Lorenza function in the region from 800 to 2000 cm -1 . Scanning electron microscope (SEM) was used to investigate the morphology of the samples using a SEM -type JEOL ISM-6100.
Determination of the methane adsorption
The research of methane storage process was carried out in the individually performed laboratory development installation. Methane was fed from a cylinder via a valve connected to a pressure regulator which allowed to obtain demanded pressure. The samples were placed in a stainless steel cell. The cell with the carbon material was thermostated in an oil bath. The samples were degassed at 160 o C for 16 hours. The system was then cooled to a temperature of 25 o C. The sorption of methane was conducted under the pressure of 1-3.5 MPa at 25 o C. Prior to the methane storage tests, the free space of the cell was measured. The amount of adsorbed methane was determined based on the differences between the volume of the gas with and without the sample present in the cell.
Simplex method
The simplex method allows the optimization of multiple factors affecting a process while limiting the number of experiments required to reach the optimum. The simplex method was developed in 1962 by Spendleya, Hexta i Himsworthea
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. The basic design is the regular simplex described by the designed matrix
(1)
Characterization
The porous texture characterization of all samples was carried out by physical adsorption of N 2 at -196 o C using an automatic adsorption system (Quantachrome Instruments Quadrasorb). Before measuring the adsorption of N 2 , the sample was subjected to degassing for 12 h at where (2) and (3) The rows of the matrix give the k co-ordinates of each of the (k+1) vertices of the simplex. The x 1 point of the D 0 matrix is situated at the beginning of the coordinate system.
The regular D 0 simplex was modifi ed by Gorskij et al. 29 , in the mode, where the beginning of the coordinate system is in the middle of simplex. For factors in the determinate region, the transition from their natural value to the coded value was applied. This is the matrix A of variables coded values described as (4) where:
1/2 (6) for n = 1, 2, ..., N (n -number of the coeffi cient matrix)
A simplex is a geometric fi gure that has a number of vertex equal to one more than the number of dimensions in the factor space. If k is the number of dimensions in the factor space, then a simplex is defi ned by k + 1 points in that factor space. For optimization of a single factor the fi gure would be a line, for two factors this would be a triangle and for three factors a tetrahedron. Each vertex represents a set of experimental conditions. Thus, the initial series of experiments corresponds to the vertexes of the fi xed simplex (points), which determine the values of the variables x 1 , x 2 and x 3 in these experiments. These vertices are then ranked best to worst based on the responses they provide. The next experimental condition, is determined by refl ection of the worst point through the hyperface. This is done for each variable. Replacing the previous worst point with the new point creates a new simplex. This new trial replaces the least favorable trial in the simplex. This leads to a new least favorable response in the simplex that, in turn, leads to another new trial, and so on. At each step you move away from the least favorable conditions. By that the simplex will move steadily towards more favorable conditions.
Calculation method
The simplex optimization begins with the initial trials. The trial conditions are spread out effi ciently. The number of initial trials is equal to the number of control variables plus one. The starting point in this method is the design of the matrix. Matrix A with the calculated values k n and R n for N = 3 is defi ned as: (7) The initial simplex is used for starting the experiments with M (M = N +1). The corresponding rows and columns of the matrix are given values for each parameter.
The initial values of the experiments were calculated by the formula (8) x mn = x 0n + Δx n a mn (8) where:
x mn -the value of the parameter n in the m experiment x 0n -the initial value of the parameter n a mn -the value from the matrix A in the row m and column n Δx n -unit variability of the parameter n After completing the initial simplex and performing the analysis of these results, the parameters, at which the new M+1 experiment will be executed, were calculated. Calculations were performed using the formula (9) (9) where: m = 1, 2, ..., M (M=N+1), except m = j x jn -value unsuccessful of the experiment After the (M+1) experiment is done and its best value is evaluated, the experiment with the lowest value is rejected, and then the calculations are repeated in order to determine the parameters for the next experiment X M+2 .
RESULTS AND DISCUSSION
Based on the equation (8) The further three simplex points were calculated using the same method. The surface areas values of the carbons are shown in Table 2 . Based on the surface area the point 2 was rejected, because of the smallest surface area. Then point 5 was calculated by using the equation (9) The surface area of the sample obtained in experiment 5 was higher than the surface areas of the samples ob-tained in experiments 1, 3 and 4. The lowest surface area exhibits the sample prepared in experiment 3. Therefore point 3 was rejected. Based on the equation (9) experiment 6 was calculated. The value of the specifi c surface area obtained in experiment 6 was lower than that in experiment 5. Therefore, the simplex was ended, because the result obtained in experiment 6 was worse than the previous one. The best value of the surface area for the prepared carbons was obtained in experiment 5 and it was equal to 1969 m 2 . g -1 . The same procedure was used in Simplex B series. The calculated values of parameters x 1 , x 2 , x 3 and the obtained surface areas are shown in Table 3 . In experiment 5 the largest surface area was obtained and it was equal to 2091 m 2 . g -1 . It was observed that the value of the surface area obtained in experiment 6 was very similar to the value of the surface area obtained in point 5. The difference in the surface area values in experiment 5 and 6 could have been within the limits of error, so calculation of point 7 was performed. After experiment 7 was done it was found that the surface area value obtained in experiment 7 also decrease. Therefore, the simplex method optimizations could have been ended after experiment 6.
Because the highest value of surface area was obtained in Simplex A after small number of steps, Simplex B was performed. Because of that, during the Simplex B preparation, the value of Δx n was reduced in half. The best surface area in Simplex B was obtained also after just a few experiments and it was noticed that the resulting surface areas were similar. Table 4 and 5 show pore the volume and surface area values for carbon materials.
Analyzing the data in Tables 4-5 , it could be noticed that the increase of the prepared carbons surface area was connected with the development of micropores. The obtained carbons had highly developed microporous structure that was determined by the large micropore volume (0.2165-0.6575). Figure 1 shows the values of the micropore volume as a function of the surface area for the obtained carbons. It can be seen that the surface area value is directly proportional to the micropore volume.
The nitrogen adsorption/desorption isotherms are presented in Figures 2-3 . One can see that carbon materials are mainly microporous with the small fraction of mesopores. The isotherms are categorized to type I isotherms by IUPAC classifi cation. The adsorption isotherms are characteristic of porous materials which exhibit a signifi cant amount of micropores. Moreover, in the range of medium and high pressures, the isotherms are nearly parallel to the axis of relative pressures. This indicates that the mesoporosity is not well developed in our samples. It is also shown in Tables 4 and 5 that the ratio of micropores volume to the total pore volume ranges between 0.85-0.98. The fraction of micropores in each sample was high.
In order determine the pore size distribution in micropore range, the density functional theory (DFT) was proposed. Carbons A2, A4, and B5 were chosen as typical examples of the lowest, moderate and highest surface area carbons respectively to the presentation of pore distributions determined by DFT method, Raman spectra, SEM micrographs.
Pore -size distribution for the investigated carbons is very similar (Fig. 4 -6) . The effective micropore volume comprises the pores with diameters ranking from three to six times the molecular size of the adsorbate. Since a methane molecule has a diameter of 0.38 nm, it can penetrate with ease into the pores with the diameters about 1-2 nm 10 . The obtained diameters of the studied carbons were mostly in that range, which is presented in Figures 4-6 . Pores larger than 2 nm (mesopores and macropores) are not used for the methane storage, although they may be needed to transport inside and outside the micropores. Therefore, to increase the methane adsorption storage process the participation of micropores should be maximized.
Raman spectra of active carbon materials obtained in the 800-2000 cm -1 range were subjected to deconvolution using four mixed Gaussian-Lorenzian curves. It is essential to deconvolute the Raman spectra of highly disordered carbon materials in order to acquire the in-formation about the skeletal carbon structures in these disordered carbon materials 30 . The Raman spectra for the all carbon materials were similar ( Fig. 7-9 ). The sharp peaks were observed at about 1580-1593 cm -1 (named G1) and at 1310 to 1330 cm -1 (named D1) and at 1440-1452 cm -1 (named G2) and at 1080-1140 cm -1 (named D2). The D-peaks correspond to the amorphous domains while the G-peaks relate to the graphite domains. Peak at 1582 cm -1 (G band) is attributed to the stretching modes of C-C bonds of typical graphite
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. The peak observed at about 1310-1326 cm -1 was assigned to the D band (related to the defects and disorder in the carbon material) which is typical for disordered carbon. Table 6 shows the peak intensity ratios of I D /I G , I D2 / I G2 , I G2 /I G1 in the investigated spectrum range, which provides important information about the structure in obtained carbon materials 31 . The I D1 /I G1 ratio is very similar for all the tested carbons and ranges between 1.20-1.39. The smaller ratio of I D1 /I G1 indicates the increase of graphitization degree in the investigated carbon materials 32 . In the A5 Table 6 .
It is commonly known that 34 the lower the I D2 /I G2 ratio is the less of amorphous phase the carbons contain. The smaller I G2 /I G1 ratio led to decreasing of the carbon in forms of clusters in the tested materials. According to that it was found that A5 and B5 carbons with the largest surface area contained the least amorphous phase. Figures 10-12 show an example of the SEM images of carbon materials with the lowest, moderate and highest surface area: carbons A2, A4, and B5
The observations of SEM images allowed the comparison of surface morphology of the studied carbons. Materials that had the smallest surface area such as sample A2 (Fig. 10) presented the most compacted structure of grains. It can be observed that with the increase of the surface S LANG (Fig. 11-12) , the investigated materials had a better porous structure. In the case of carbons with larger surface areas, numerous different sizes empty areas as well as the cavities can be observed. These cavities have irregular shape, however they become bigger with the increase of porosity in the carbon (Fig. 11-12) . From the images of carbons with a large surface area it can be observed that the cavities are deeply embedded in the material. When carefully observing the cavities, it can be suggested that an additional system of canals has been created. It is possible then, that the intensive cavities observed on the carbon surface area are the result of the potassium hydroxide removal from the carbon material. The carbons were tested in a natural gas adsorption system. The effect of pressure was studied. Four exemplary samples of carbons (A2, A5, A4, B5) are presented in Fig. 13 .
Two of them (A5, B5) had the largest surface area. In order to compare the sample of small and medium surface area was selected. Figure 13 shows adsorption capacity of methane vs. the surface area of material. The amount of adsorbed methane is presented per unit weight of adsorbent.
It can be seen from Fig 13 that , the natural gas adsorption capacity depends strongly on the S LANG specifi c surface area. The amount of adsorbed natural gas is high at the high specifi c surface area. As demonstrated earlier, the increase of the surface area is mainly related to the increase of the micropores volume. The increase of micropores amount causes the increase of methane adsorption. To enhance the adsorption storage of methane, the fraction of micropores should be maximized.
CONCLUSIONS
The carbon materials prepared by chemical activation of Polish coal using potassium hydroxides are mainly microporous. Due to their high surfaces areas (ranging from 688 to 2091 m 2 . g -1 ), their low mesopores volumes and their micropore volumes, such materials can be used for methane storage process. It can be concluded that the coal, is a very good starting material for the preparation of carbons. It has to be pointed out that it is a cheap and abundant precursor.
The method proposed in this paper based on simplex minimization allows the simultaneous variation of several variables to obtain the best results in performing of experiments. It produced very satisfactory results in the study of the surface area in the preparation of carbons. Moreover, in the case studied in this paper, only about fi ve experiments were necessary to reach the best surface area.
The great adsorption capacity of methane was obtained utilizing fast and simple method -557 cm 3 . g -1 .
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